Control measurements of myocardial blood flow were made in intact dogs by a method of 133 Xe clearance, using a catheter positioned radiographically in the circumflex artery. Acute myocardial infarction was then caused by tying the anterior descending artery. A small catheter was inserted distally beyond the obstructed artery into the infarct, and another proximally toward the anterior ventricular artery supplying adjacent left ventricular muscle. Their ends were brought out as the chest was closed. 133 Xe in solution was injected serially over 4 hours to determine myocardial blood flow within the infarct, in adjacent muscle, and in more distant muscle supplied by the circumflex artery. Myocardial blood flow in the circumflex artery usually fell as a result of infarction. A constant finding was that adjacent flow exceeded the more distant flow by 6% up to 43% (mean 20%) regardless of either spontaneous or induced changes in blood pressure. The difference was not related to the collateral flow rate and was abolished by dipyridamole. Perfusion of muscle adjacent to the infarct was less homogenous than that of more distant muscle.
ADDITIONAL KEY WORDS la;l xenon coronary vasodilator collateral flow circumflex artery anterior descending artery right coronary artery 9 The purpose of this study was to measure blood flow, after occlusion of one coronary artery, to specific parts of the ventricular myocardium with open vessels. Some previous studies indicated a reduction in flow, but more often an increase was found, particularly when blood pressure was kept constant. When pressure was allowed to change, flow elsewhere in the heart was usually reduced or unaltered (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
In all previous studies, flow has been measured either as a whole or at a single site, From the Department of Cardiology, Westminster Hospital, London, S.W.I, England.
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Received February 17, 1969 . Accepted for publication May 29, 1969. and there have been none in which flow in normal muscle near the infarct has been compared with that more distant. In this study, we report such comparative determinations of blood flow after myocardial infarction was produced by ligation of the anterior descending artery; the blood pressure was allowed to vary spontaneously. We find that regardless of overall changes, there is always a greater myocardial blood flow in the immediate vicinity of the infarct than elsewhere.
Methods
A technique for flow measurement following acute anterior myocardial infarction in dogs (16) was modified to permit serial determination of collateral flow, myocardial blood flow adjacent to the infarct, and myocardial blood flow in the area supplied by the circumflex coronary artery.
Mongrel dogs (21 to 30 kg) were lightly 162 REES, REDDING anesthetized with pentobarbital, 30 mg/kg iv, and ventilated with a modified Starling pump at a controlled rate dependent on blood gas determination (pH, Pco 2) Po 2 by Astrup). Further sedation was usually unnecessary, but occasionally additional pentobarbital was given (2 to 4 mg/kg). An electrocardiogram was recorded with needle electrodes. Under arteriographic control a Sones catheter was manipulated into the mouth of the left coronary artery ( Fig. 1, circumflex) , and resting myocardial blood flow was determined by a method of 13:t Xe clearance (17, 18) . Another catheter was similarly introduced into the coronary sinus for oxygen sampling. After left dioracotomy, the parietal pericardium was incised and its edges sutured to the chest wall, bringing the heart forward into the wound. The anterior descending artery was then ligated halfway along its course just distal to one of its anterior ventricular branches running laterally over the surface of die left ventricle. A fine nylon catheter (FG4, o.d. 1.34 mm) was inserted beyond the ligature to measure collateral flow ( Fig. 1 , infarct) and another was inserted proximally so that its end lay opposite the origin of the anterior ventricular branch, which supplies muscle immediately adjacent to the ischemic tissue ( Fig. 1, adjacent) . Their free INFARCT ends were brought out as the pericardium and chest wall were closed, and each was connected to separate syringes of heparinized saline and 133 Xe in saline through a three-way tap. Techniques for measuring flow rates in normal myocardium and in infarcts have already been described (16) (17) (18) . Briefly, solutions of radioxenon are injected into the region under study via the supply vessel. We have shown previously that 133 Xe injected down the artery to the infarct is dispersed through the muscle supplied (16) . The region of distribution via the adjacent catheter was studied with an image intensifier after injection of contrast material as for flow measurement. It was found repeatedly that the contrast was selectively and rapidly washed into muscle bordering the infarct via the anterior ventricular artery.
The clearance of isotope, determined by an external counter (ERD Mark II with 2-inch crystal), is a measure of tissue perfusion. Once placed over the front of the heart, this counter is not moved and the field includes all three regions. The clearance curves may be analyzed by determining the rate constant (k) derived from the initial exponential slope without curve peeling, or by determining the ratio of peak counts to area (19) . Results of the former method are presented here, the logarithmic slope being obtained instantaneously from the clearance curve by an on-line analog computer, and k is then calculated from the t* of this slope. Myocardial blood flow (ml/min/100 g) may be derived for normal myocardium from where A is the partition coefficient for 133 Xe between myocardium and blood (assumed 0.72 for hematocrit of 45%) and p is the myocardial specific gravity (assumed 1.05).
In practice, systemic arterial and venous lines (aorta and femoral vein) were first established for sampling and for pressure measurement using Statham P23G strain-gauge transducers and a Sanborn 8-channel recorder. The coronary sinus sampling catheter was then introduced. Next the Sones catheter was positioned in the mouth of the circumflex artery and control values for myocardial blood flow were determined. This was repeated after thoracotomy and before ligation of the descending artery. After infarction and closure of the chest, distant, adjacent, and collateral flow rates were determined using approximately 1 ml, 0.25 ml, and 0.5 ml of Xe solution, respectively. Serial measurements were made at 30-minute intervals for up to 4 hours. Ventilation rates were constant throughout, except for half-hourly sighing. Oxygen was not added to the inspired air. In two animals, the effects of dipyridamole in large doses (0.5 to 0.6 mg/kg iv) on the various flow rates were tested. In another two, the vasopressor drugs mephentermine and metaraminol were similarly tested; they were given by continuous intravenous infusion to cause sustained increases in mean aortic blood pressure of 40 to 50 mm Hg.
In a preliminary study, myocardial blood flow in the area supplied by the circumflex branch of the left coronary artery was compared with that supplied by the anterior descending branch, and with right coronary flow. Control measurements were made under stable conditions and in one animal after maximum vasodilatation with dipyridamole.
Results
The preliminary study was conducted in four dogs. Conditions were stable throughout, with very little change in blood pressure. In each experiment the catheter was withdrawn during measurements of flow. The absence of change in the rate of clearance showed that the catheter tip (FG5, o.d. 1.65 mm) had not obstructed flow. Mean results of repeated determinations of clearance (k), myocardial blood flow (Qc), and coronary vascular resistance (Re) are given in Table 1 . Mean values for flow rates and vascular resistance in the area supplied by the anterior descending artery were the same as those in the area supplied by the circumflex artery. In contrast, flow rates in the area supplied by the right coronary artery were much lower, the mean rate being half that of the left (Fig. 2) , and the corresponding vascular resistance almost double. In dog 1 measurements were also made after repeated intravenous doses of dipyridamole, totaling 0.75/kg, which we have previously found to cause full coronary vasodilatation. Flow rates in the areas supplied by the two branches of the left coronary Myocardial blood flow in dog 1, a normal animal. D = dipyridamole; other abbreviations as in Figure 2 .
artery were again the same, and greater than on the right (Fig. 3) .
The main study with infarction was conducted in 11 dogs, two of which died soon after ligation before comparative measurements of circumflex and adjacent flow could be made. Detailed results in the others (dogs 5-13) are summarized in Table 2 . Changes in flow in individual experiments varied. Myocardial blood flow fell as a result of thoracotomy in four of five animals. After ligation of the descending artery and closure of the chest, flow in the area supplied by the circumflex artery fell further in three but rose in another three. A comparison of this flow before and after the whole procedure shows a fall in six and a rise in two dogs. Because of changes in blood pressure, alterations in vascular resistance in this area differ, with no change in three dogs, a rise in three, and a fall in two.
The interesting and constant finding was that myocardial flow adjacent to the infarct was greater than that in the area supplied by the circumflex artery. This was so in all the animals, except transiently in dogs 10 and 13. The mean increase in flow rate adjacent to the infarct over that in more distant muscle in each of the nine animals ranged from 6% to 43%, with an overall mean increase of 20%. This difference was highly significant (P < 0.001). Some of the findings are illustrated in Figures 4 and 5 .
A substantial rise in blood pressure was produced in dogs 12 and 13 by vasopressor drugs. Both adjacent and distant myocardial perfusion rates increased and the pattern of greater flow adjacent to the infarct than in muscle supplied by the circumflex artery persisted. In dogs 7 and 13, dipyridamole was given to produce full coronary vasodilatation. At the high flow rates which resulted, the pattern was abolished.
Collateral flow rates within the infarct ranged from 8% to 32% of control rates of flow in muscle supplied by the circumflex artery (average 23%). There was no relationship between collateral flow and the level of flow in adjacent muscle or the degree by which it exceeded myocardial flow elsewhere in the ventricle.
Detailed analysis showed another difference in clearance curves from the various zones. Usually in normal myocardium, about 90% of the logarithmic washout slope falls on a straight line, so that the slower tail of the washout, which may not appear at all, represents only about 10% of the total washout. This was so with the control values for flow in the zone supplied by the circumflex artery. After infarction, the clearance slopes 
Before (chest open) 0.95 (2) 1.08 (2) 0.96 (2) 1.29 (3) 1.05 (3) 1.37
(3) Infarct 0.27 (4) 0.33 (2) 0.37 (4) 0.45 (3) 0.34 (3) 0.30 (5) 0.47 (4) 0.18 (1) After p. "
(chest closed) 1.24 (5) 0.88 (3) 0.83 (5) 1.40 (4) 1.90 (6) 1.09 (9) 1.20 (6) 1.30 (9) 1.06 (5) Adjacent 1.41 (4) 1.26 (3) 1.10 (5) 1.59 (4) 2.25 (6) 1.15 (9) 1.48 (0) 1.05 (9) 1.17 (5) Adjacent Number in parentheses is number of measurements. Circumflex is area supplied by circumflex artery.
Detailed results for each animal together with systemic blood pressure (Ps) in mm Hg and coronary sinus O2 saturation can be obtained from the authors. for this flow were similar (Fig. 6 ). About half fell totally in a straight line, and in the others a slower tail appeared after 80% to 90% washout.
When the clearance curves from muscle adjacent to the infarct were examined, an average of only 62% of the washout (40% to 80%) fell on the first exponential, and none of the logarithmic slopes were totally straight. It is known that only the first half of clearance slopes from within a myocardial infarct fall exponentially, presumably because of uneven perfusion by collateral blood (16) , and in this study the configuration of the clearance curves from adjacent muscle fell between those from normal and infarct muscle. In some experiments, washout rates of the slower components of clearance from adjacent muscle were in the same range as the primary components of washout from the infarcts. It was not possible, however, in any animal to match the secondary adjacent slopes accurately with the Circulation Research, Vol. XXV, August 1969 primary slopes from the infarcts, and in some the discrepancy was great.
Because of the difference in configuration between slopes from adjacent muscle and those from muscle supplied by the circumflex artery, flow rates in the two regions were also compared as calculated by the method of Zierler (19) from the ratio of peak counts to area beneath the slope (P/A). A total of 31 washout curves from the nine experiments were analyzed. Using P/A, mean adjacent and more distant flow rates were 83 and 71 ml/min/100 g, respectively, and using k, were 103 and 86/ml/min/100 g, respectively. By each method, adjacent exceeds more distant flow rates to a similar degree (by P/A, 17%; by k, 20%). The difference of about 20% between the results of the two methods of analysis has been noted previously (16, 19) and may be explained in various ways. We have, in general, preferred to use k, since several studies have empirically demonstrated, both Results before and after thoracotomy in dog 6, with acute myocardial infarction. Flow rates expressed as k (see text). Ps = mean systemic blood pressure; C = distant (circumflex) ftotv rate; A = adjacent flow rate; I = flow rate within infarct. Results in dog 8, with acute myocardial infarction. Description as in Figure 4 . Representative 1S3 Xe clearance curves (from dog 6) 150 to 165 minutes after Ugation of anterior descending artery.
in heart and peripheral muscle, an excellent correlation of flow calculated from initial slope analysis with flow measured in other ways (17, 20, 21) . Also, with P/A there are sometimes difficulties in deciding the limits of the area to be calculated. In addition, with the adjacent slopes, there is the theoretical criticism that some of the 133 Xe has passed into the infarct so that its slow clearance increasingly distorts the tail of the washout. This would not affect the calculation but might reduce, erroneously, the calculation from P/A. The fact that flow to adjacent muscle exceeded that to more distant muscle to a similar degree as calculated by both methods implies that the quantity of 13S Xe entering the infarct is relatively insignificant, and that the comparative increase in adjacent flow is real, and not due to less homogeneous perfusion.
Discussion
It was shown in the preliminary study that vascular resistance and flow rate per gram of myocardium are similar in the areas supplied by the circumflex and anterior descending arteries of the normal canine heart. Both Circulation Research, Vol. XXV, August 1969 vessels principally supply left ventricular muscle, and the finding that this is evenly perfused is in accord with the work of Chansky and Levy (22) , who analyzed portions of heart muscle after intravenous infusion of 8(i Rb. This conclusion is unlikely to be affected by small variations in perfusion at different depths of muscle, particularly if these are general, and implies equal energy requirement throughout the left ventricle. In contrast, lower flow rates via the right coronary artery, principally distributed to right ventricular muscle, imply a lesser energy requirement. Similar differences in resting flow between right and left ventricular muscle have been shown previously in the dog (22) (23) (24) and in a few patients (17) .
We find that sudden ligation of the anterior descending artery of the normal dog, as in the definitive study, leads invariably to myocardial infarction localized to the lower anterior left ventricle and adjacent portions of the septum and apex (25). This is associated with a collateral flow rate within the ischemic region averaging 25% that of normal myocardium, as also found in this study.
There is a disagreement concerning the changes in coronary flow that result from obstruction of another coronary artery, depending on whether blood pressure was kept constant or allowed to vary, whether closedor open-chest animals were used, whether control measurements were made before or after opening the chest, and whether anesthesia was required. Some reports, particularly the earlier ones, indicate a reduction in flow (1-3, 13, 14) . This is usually attributed to a vasoconstrictor reflex which may be blocked in various ways. However, most recent reports have demonstrated an increase in flow in vessels adjacent to an occluded artery (4) (5) (6) (7) (8) (9) (10) (11) (12) . These studies range from acute experiments on anesthetized animals subjected to major surgery to elegant chronic studies of conscious, trained animals with gradually induced coronary obstruction (15) . Regardless of this, in all studies flow was measured at only a single site, either on a vessel or in the muscle itself, and the findings may be compared with the changes in circumflex flow found in our study. The diverse fluctuations in blood pressure and cardiac output known to accompany myocardial infarction may explain the varied changes in perfusion within and between animals which we observed.
There have been no previous reports in which flow was measured at different sites in the normal ventricle. In our study, the interesting finding was that perfusion rates of muscle adjacent to the infarct via the anterior ventricular artery were comparatively greater than those of more distant muscle in the distribution of the circumflex artery. This was so regardless of general directional changes in flow or fluctuations in blood pressure. The findings are to be distinguished from the inflammatory response of healing which develops after some days around necrotic tissue within the infarct itself and is accompanied by a progressive but similarly delayed rise in collateral flow rate (16) .
Differences in flow varied from 6% to 43?; it can be calculated that there was a mean increase in blood flow of about 0.16 ml/min/g of muscle near the infarct over that elsewhere. This is not due to collateral blood flow nor to shunting, of which there was no evidence in the earlier parts of our curves. It may be explained by localized vasodilatation due to greater energy expenditure near the infarct, to the diffusion of vasodilator metabolites from the infarct, to a localized reduction in tissue pressure, or to a reflex. Because, for technical reasons, we were unable to sample separately the veins draining the infarct and adjacent muscle, we cannot distinguish these possibilities. Our measurements of mixed coronary sinus oxygen content, derived from the three regions under study, do not help.
Herzberg et al. (11) measured tissue pressure with a needle during their studies of various regions of the heart. They found a decrease in intramyocardial pressure adjacent to an obstructed artery as well as within its distribution and suggest that this is the main factor responsible for the increase in coronary blood flow which they observed. Driscol and Eckstein (12) , however, consider measurement of intramyocardial pressure to be unreliable, and if the differences we find result from variations in tissue pressure, it is difficult to explain how they are abolished by a coronary vasodilator drug. Driscol and Eckstein offer another explanation. They measured venous outflow from the muscle supplied by the descending coronary artery after intermittent occlusion of the circumflex artery and found not only that it was increased but also that its oxygen content was reduced. They suggest that these changes were due to increased oxygen consumption by nonischemic muscle. If this is correct, our findings may be due to comparatively greater oxygen consumption near the infarct than elsewhere, perhaps the result of disproportionate stretching or contractility of nearby muscle.
The differences in configuration of the 133 Xe washout curves from adjacent and distant left ventricular muscle suggest that tissue adjacent to the infarct is less homogeneously perfused than elsewhere. It is also probable that some of the slow tail of the washout is due to 133 Xe which has passed into the infarct with the collateral blood; however, the proportion doing so is small and difficult to detect on the washout slope. Though the secondary slopes from adjacent muscle sometimes fell into the same general range as the primary washout slopes from the infarct, it was impossible to assess collateral flow rate by analysis of the adjacent washout slopes, and there were occasional gross individual differences. We were therefore unable to substantiate the suggestion of Linder and his colleagues (26, 27) that collateral flow can be measured in this way.
